We report herein the synthesis of new cobalt complexes tris [2-(1H-pyrazol-1-yl
Introduction
Solution-processed hybrid perovskite solar cells (PSCs) have attracted increasing attention as a real competitor for silicon solar cells [1] [2] [3] [4] [5] [6] due to their high power-conversion efficiencies (PCEs), easy fabrication, and low cost. The key components of a typical PSC are a blocking TiO 2 (bl-TiO 2 ) layer, mesoporous TiO 2 (mp-TiO 2 ), hybrid organic-inorganic perovskite sensitizers, a hole-transporting material (HTM), and a counter electrode (e.g., Au). The HTM is a particularly important component of PSCs because it plays a crucial role in achieving high performance by reducing charge recombination. 7, 8 The most frequently used HTM is the wide-bandgap material 2,2B,7,7B-tetrakis(N,N-di-p-methoxyphenylamino)-9,9B-spirobifluorene (spiro-OMeTAD), which was first introduced into solid-state dye-sensitized solar cells (ssDSCs) almost two decades ago 9 and has so far proven to be the most effective HTM. An effective method for enhancing the device performance by using spiro-OMeTAD as HTM is adding some additives to induce more charge carriers. On the other hand, the major drawback of this compound is its low conductivity, which induces low charge mobility and high series resistance, consequently lowering the photovoltaic parameters such as short-circuit photocurrent density (J sc ) and fill factor (FF). 10, 11 Thus, for that purpose it is essential to explore new additives. Ionic compounds such as lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) and 4-tert-butylpyridine (TBP) have been used as additives to spiro-OMeTAD in DSCs. [12] [13] [14] [15] On the other hand, several studies indicate that the conductivity is enhanced by increasing the oxidized species of spiro-OMeTAD (spiro-OMeTAD + ) by doping with Co(III) complexes. [16] [17] [18] [19] [20] For example, Grätzel et al. reported an improvement in the performance of spiro-OMeTAD-based ssDSCs by using tris[2-(1H-pyrazol-1-yl)pyridine]cobalt(III) tris-(hexafluorophosphate) (FK102) as a chemical dopant. 16 They obtained the highest efficiency recorded of 7.2% by using an organic dye with a high molecular extinction coefficient. Furthermore, they considered that, to enhance the doping efficiency, a high solubility is essential for the spin-coating solution, which contains HTM and other additives. With this motivation, the Co(III) complex dopant (tris[2-(1H-pyrazol-1-yl)-4-tert-butylpyridine]cobalt(III) tris[bis(trifluoromethylsulfonyl)imide]) (FK209) was developed.
17 FK209 has bis(trifluoromethylsulfonyl)imide anion (TFSI ¹ ) as counter ion because a salt of TFSI ¹ is usually more soluble than the corresponding PF 6 ¹ salt. In addition, a solubilizing tert-butyl group is introduced on its pyrazolyl-pyridine ligand. Thus, these modifications of the complex structure make FK209 more soluble than FK102. Grätzel et al. doped PSCs with FK209 and obtained an overall PCE of 10.4%. 18 Additionally, Koh et al. reported a new Co(III) complex dopant MY11 with deep redox potentials. 19 In addition, bipyridine-type Co(III) complexes were investigated as a dopant for PSCs. 20 These studies clarify that the properties of Co(III) complexes as a dopant may be tuned by changing the ligand structure and/or the counter anion. Therefore, using a newly designed Co(III) complex as a dopant remains a potential route to improve cell performance.
In this work, we synthesized the new Co(III) complexes, tris[2- 
Experiment
All materials were reagent grade and used as received unless otherwise noted. Ultraviolet-visible (UV-vis) absorption spectra were measured with a Shimadzu UV-3101PC spectrophotometer and a 10-mm-path-length quartz cuvette. The concentration of each compound was 1 © 10 ¹5 M. The dopants were predissolved in acetonitrile and then added to the spiro-OMeTAD/chlorobenzene solution. The redox potentials of the cobalt complexes were obtained by differential pulse voltammetry (DPV) with a BioLogic SP-300 system using a three-electrode cell consisting of Pt as both working and counter electrode and a Ag/AgNO 3 reference electrode. The measurements were done in a 0.1 M tetrabutylammonium perchlorate (TBAClO 4 )-CH 3 CN solution. The potentials were calibrated by using a ferrocenium/ferrocene redox potential. The solar-cell cross section was observed by using a scanning electron microscope (Hitachi S-4800). The syntheses of Co1-Co4 and characterization will be reported elsewhere.
Solar-cell fabrication
Fluorine-doped SnO 2 -coated glass (FTO glass), used as a transparent conductive glass for photo-electrodes and counter electrodes, was purchased from Nippon Sheet Glass Co., Ltd.
(sheet resistance¯10 ³/sq). A TiO 2 sprayed compact layer was coated onto the FTO-glass surface by spray pyrolysis. As the precursor solution of the TiO 2 compact layer, the titanium tetraisopropoxide was mixed with acetyl acetone to obtain the complex of titanium acetyl acetonate (Ti-acac) as a 0.2 M Ti solution. The Ti-acac solution was diluted by 2-propanol at 75 vol% as the stored solution. The Ti-acac stored solution was diluted with ethanol at 10 vol% and 8 mL of the diluted solution was sprayed at 350°C onto an area of 144 cm 2 and then heated at 450°C for 30 min. 200-nm-thick mesoporous TiO 2 (mp-TiO 2 ) films were deposited by spin coating at 2000 rpm for 30 s onto the bl-TiO 2 /FTO substrate by using a commercial TiO 2 Paste (18NRT, Dyesol) diluted in ethanol (1:4, weight ratio). After drying at 125°C, the films were then calcined at 450°C for 30 min to remove the organic part. The mesoporous TiO 2 films were infiltrated with PbI 2 by spin coating a PbI 2 solution in DMF (460 mg/mL) at 6500 rpm for 5 s that was kept at 70°C for 30 min. After drying, the films were dipped in a solution of CH 3 NH 3 I in 2-propanol (10 mg/mL) for 10 min. CH 3 NH 3 I was synthesized following the published method. 21 After annealing at 70°C for 1 h, the HTM was deposited by spin coating at 3000 rpm for 30 s. The spin coating formulation was prepared by dissolving 80 mg spiro-OMeTAD in chlorobenzene, 28.8 µL TBP, 17.5 µL of a stock solution of 520 mg/mL LiTFSI in CH 3 CN. Gold (80 nm) was thermally evaporated on top of the device to form the back contact. For all measurements, devices were equipped with a 0.115 cm 2 metal aperture to define the active area. Devices were fabricated in a dry-air glove box, and the data were acquired on non-encapsulated sample exposed to air.
Photovoltaic measurements
Photocurrent density-voltage (J-V) curves were measured by using a direct current voltage current source monitor (Advantest, R6243), using a simulated AM 1.5 solar light provided by a solar simulator (Wacom Co., Japan, WXS-80C-3 with a 300 W Xe lamp and an AM 1.5 filter). The incident light intensity was calibrated with a standard Si solar cell equipped with a KG-3 filter, which was fabricated by the Japan Quality Assurance Organization. The incident photon-to-current conversion efficiency (IPCE) was measured with an Eko Seiki SPM-005B equipped with Xe and halogen lamps.
Conductivity measurements
The conductivity of the hole conductor films was determined by two-terminal electrical conductivity measurements. Each solution of spiro-OMeTAD, TBP, LiTFSI, and cobalt complexes in chlorobenzene was spin-coated onto a glass substrate. The concentrations of the solutions were the same as for the photovoltaic devices. Gold electrodes (50 nm) were deposited on the films by using a resistiveheating evaporation source. A thin nickel plate patterned with channel lengths of 20 µm and channel widths of 5 mm was used as a metal shadow mask. Photocurrent-voltage characteristics were recorded on an ALC Instruments Electrochemical Analyzer. Figure 1 shows the structures of the complexes Co1-Co4 and of FK209. These complexes were synthesized by slightly modifying the reported method. 22, 23 The structures of the resulting complexes were identified by 1 H NMR spectroscopy and ESI-MS analyses. All complexes appear as an orange-red solid and give a slightly orangecolored solution when dissolved in an organic solvent. Figure 2 shows UV-vis absorption spectra taken from CH 3 CN solutions. All complexes absorb strongly in UV range below 350 nm, which arise from the ligand-centered O-O * transition. 17 The orange color, however, results from the very weak d-d transition that lies between 400 and 600 nm and has a molar extinction coefficient of 200-500 L mol ¹1 cm ¹1 for the Co(III) species. These characters are similar to those reported when using other Co complexes as dopant. [16] [17] [18] [19] [20] The addition of a cobalt complex such as FK209 to spiroOMeTAD in chlorobenzene is reported to change the color from pale yellow to dark red. 16 Therefore, we measured the UV-vis absorption spectra for spiro-OMeTAD with additives and Co1-Co4 dopant. The gradual addition of Co1-Co4 causes a gradual increase in absorption by spiro-OMeTAD + as well a decrease in absorption in the band near 390 nm. As an example, Fig. 3 shows the spectra for Co2. No such absorption band for oxidized spiro-OMeTAD + appears when using LiTFSI as an additive. The absorption bands of spiro-OMeTAD + near 520 and 620 nm appear only when Co1-Co4 is added. Both of those bands are known to be corresponding to spiro-OMeTAD + .
Results and Discussion

16,17
Therefore, we attribute these new absorption bands to the formation of spiro-OMeTAD + , which means that charge transfer occurs between Co1-Co4 and spiro-OMeTAD, respectively. 17 To evaluate their redox potentials, the complexes Co1-Co4 and spiro-OMeTAD were characterized by DPV. The results are listed in Table 1 . The first oxidation potential of spiro-OMeTAD in CH 3 CN is at 0.66 V versus a normal hydrogen electrode (NHE); thus, to effectively oxidize spiro-OMeTAD, the Co(III) complexes must have greater redox potentials. As a result, all four complexes show oxidation-reduction waves in CH 3 CN that correspond to the Co(III)-Co(II) redox couple situated in the region of 0.7-0.9 V versus the NHE. Therefore, Co1-Co4 are suitable candidates for doping of spiro-MeOTAD. Pristine spiro-OMeTAD has poor conductivity, which could be a limiting factor preventing high-efficiency solar cells.
14 To verify the effect of doping with Co1-Co4, we made two-probe conductivity measurements and investigated the change in conductivity of doped and undoped spiro-OMeTAD. The results appear in Table 2 . Consequently, upon adding LiTFSI and TBP to spiro-OMeTAD (the same doping concentration as in device fabrication), the conductivity of spiro-OMeTAD film increases to 5 © 10 ¹5 S cm
¹1
. The conductivity of spiro-OMeTAD with additives is agreement with the reported value.
14 Conversely, upon adding 9 mol% of Co1-Co4 to spiro-OMeTAD, the film conductivities are 1-3 © 10 ¹4 S cm ¹1 , which are similar to the value obtained when using FK209. These values are about one order of magnitude larger than the undoped case. These results indicate that the co-addition of LiTFSI, TBP, and Co1-Co4 is highly effective for reducing the resistance to charge transport in spiro-OMeTAD.
Furthermore, we investigate how the ligand structure and the substituents of the ligands of Co1-Co4 as a dopant of spiroOMeTAD affect the photovoltaic performance of PSCs based on CH 3 NH 3 PbI 3 perovskite. The CH 3 NH 3 PbI 3 perovskite layer was deposited sequentially, as reported in the literature. 24 For a typical solar cell, Fig. 4 shows a schematic view and a cross-sectional image obtained by scanning electron microscope (SEM). Photovoltaic measurements were made under irradiation at air mass 1.5 (100 mW/cm 2 ). Table 3 
To spiro-OMeTAD were added LiTFSI+TBP as an additive with the same concentration of cell fabrication. It is remarkable that the PCEs for devices with Co1, Co2, and Co4 as a dopant are almost the same as that of the reference. Since we have observed that the device fabricated with Co2 as a dopant exhibits the best PCE, we varied the Co2 concentration to optimize the photovoltaic performance of PSCs. Thus, we investigated the J-V characteristics of the fabricated devices as a function of Co2 concentration for concentrations ranging from 0 mol% (blank) to 9 mol%, with the same LiTFSI+TBP. The data are summarized in Table 4 and show that the device fabricated with Co2 (4.5 mol%) as a dopant performs best. On the other hand, at higher concentrations (9 mol%) of Co2, V oc and FF values decreased. This reduction in the performance at higher Co2 concentrations might be attributed to the increased recombination due to excessive hole density or inhomogeneity in the charge transport layer.
18 Figure 5a and 5b show the J-V curve and the IPCE spectrum, for the best device, which contains 4.5 mol% Co2. The device has J sc = 21.6 mA/cm 2 , V oc = 1.014 V, and FF = 0.676, yielding a PCE of 14.8%. These values are higher than those for the device made with FK209 as dopant under the same conditions (see Table 5 ). The spectrum of the IPCE has a maximum of 83% at 470 nm and overall high values exceeding 60% up to 750 nm. The excellent photovoltaic performance with PCE > 14% obtained in this study indicates that the composite chargetransport complex containing spiro-OMeTAD and Co complexes can be used to increase the IPCE of recently developed solid-state mesoscopic lead-halide heterojunction solar cells.
Conclusions
We report the synthesis of new cobalt complexes Co1-Co4 as dopants for spiro-OMeTAD (a frequently used HTM) and characterized the photophysical and photochemical properties of solar cells made thereof. These complexes have suitable redox potentials for oxidation of spiro-OMeTAD and the conductivity is enhanced in films with Co1-Co4. We fabricated mesoscopic TiO 2 / CH 3 NH 3 PbI 3 heterojunction solar cells by using a mixture of spiroOMeTAD, Co1-Co4, LiTFSI, and TBP as HTM. The devices with Co1, Co2, and Co4 as dopant performed better than the device with Co3 because of the hydrophobic alkyl groups on the ligands. We suggest that hydrophobic alkyl groups are important as dopants because they improve dopant solubility in the spin-coating solution. In particular, the synthesized complex Co2 shows excellent dopant properties for photovoltaic applications. Finally, we achieved an overall PCE of 14.8% by adding Co2 to spiro-OMeTAD under optimized conditions. This result exceeds that of FK209 as a dopant for spiro-OMeTAD under the same conditions. These results indicate that the Co(III) complex Co2 is a candidate dopant for PSCs. e Power conversion efficiency. f A concentration of 9 mol% dopant was added relative to spiroOMeTAD. ) and (b) the IPCE spectrum of the bestperforming device fabricated with Co2 as a dopant. The solar cell was fabricated in a dry-air glove box, and the data were acquired on non-encapsulated sample exposed to air. 
